Ixodes ricinus, a common tick in Europe, transmits severe tickborne pathogens (TBPs). In Sweden, both prevalence and incidence of tick-borne infections have increased during the last few decades, and a majority of the cases is reported from the area around Stockholm. Among ticks, transmission of TBPs involves co-feeding of susceptible larvae or nymphs with infected ticks on the same host. Seasonal synchrony of immature stages and total tick abundance are important factors for the probability of horizontal transmission of TBPs. We have studied the association between local landscape characteristics and population dynamics and the probability of co-occurrence of different life cycle stages of I. ricinus at different locations south of Stockholm, Sweden. We found significant spatiotemporal variation in tick activity patterns. Mean tick abundance varied with a tenfold difference among study sites. The probability of co-occurrence of larvae, nymphs and female adults was highest in June and decreased significantly with vegetation height. In addition, the amount of forest habitat and open water in the surrounding landscape of the study sites expressed significant negative effects on tick abundance and co-occurrence, indicating that environmental heterogeneity may increase the likelihood of good rodent habitats, which in turn, are suitable hosts for immature ticks.
Introduction
Ixodes ricinus (Acari: Ixodidae), a common tick in Europe, has an extremely wide host range including mammals, birds and lizards (Jaenson et al., 1994; Randolph, 2009) . I. ricinus is known to transmit many tick-borne pathogens (TBPs), such as Anaplasma phagocytophilum, Rickettsia helvetica, tick-borne encephalitis virus (TBEV) and Borrelia burgdorferi s.l. (Gray, 2002; De La Fuente et al., 2008; Randolph, 2009 ). Incidence of human cases, and prevalence of TBPs can be proportional to tick abundance (Kantso et al., 2010; Kilpatrick et al., 2014) . Over the last years both ticks and TBPs have had a positive development. Both the incidence of tick bite and the burden of disease were reported to double in the Netherlands from 1994 to 2001 (Den Boon et al., 2004) . In Scandinavia, an increase in I. ricinus abundance and an expansion of its Northern distribution limit associated with climate change has been reported (Lindgren et al., 2000; Jore et al., 2011; Jaenson et al., 2012) . There has also been a marked increase in prevalence and incidence of tick-borne infections in Scandinavia during the last few decades (Skarphedinsson et al., 2005; Jaenson et al., 2012) .
An additional risk for humans to be infected by TBPs depends on the horizontal transmission of TBPs among ticks. Co-feeding transmission is well characterised for several TBPs, and probably crucial for the horizontal transmission among ticks (Labuda et al., 1993; Gern and Rais, 1996; Zemtsova et al., 2010) . Co-occurrence of infected and non-infected ticks is a sine qua non for TBPs transmission by co-feeding, which in turn has a positive relationship with the density of questing ticks (Burri et al., 2011) . Rodents, owing to their small sizes, serve as best hosts for TBPs transmission among co-feeding ticks. Populations of rodents and other small animals are in turn strongly influenced by landscape characteristics. Appearance of I. ricinus in regions previously unrecorded for I. ricinus in Slovakia (Hrk ová et al., 2008) may be linked to restricted cultivation practices that have generated new habitats, both for wild rodents and ticks (Medlock et al., 2013) . A shift from cultivated to uncultivated land generates herbaceous and woody vegetation (Sumilo et al., 2008) , promoting invasion of rodents and deer as well as ticks. In addition, local populations of small mammals also improve TBPs habitat by sustaining immature tick stages (Medlock et al., 2013) . Landscape attributes play a key role in the distribution and transmission of vector-borne pathogens by affecting population dynamics of arthropod vectors and their vertebrate hosts Medlock et al., 2013) . Broadleaf woodlands can support high abundances of ticks and their hosts (Dister et al., 1997) . However, increased host diversity could potentially reduce tick abundance and the risk of tick-borne infections due to the dilution effect (Ostfeld and Keesing, 2000; Schmidt and Ostfeld, 2001; Logiudice et al., 2003; Keesing et al., 2009) . However, this may only be true under exceptional circumstances (Randolph and Dobson, 2012) . Habitat fragmentation can reduce vertebrate biodiversity, resulting in species-poor communities with few large hosts which are relatively poor reservoirs of TBPs, and more small mammals (Logiudice et al., 2003; Patz et al., 2004) enhancing the chances for sub-adult ticks to co-feed on competent hosts.
Geospatial Health
Earlier studies of ticks and TBPs have focused on the generalised effect of landscape variables on tick distribution patterns (Daniel et al., 1998; Randolph, 2000; Lambin et al., 2010; Vanwambeke et al., 2010) . A field study regarding local effects of landscape characteristics on the probability of co-occurrence and the dynamics of different tick life cycle stages in time and space is needed. In this case study south of Stockholm, Sweden, we studied the association among biotic and abiotic factors, tick activity and co-occurrence of larvae, nymphs and adult female ticks. In addition, the association between local environmental conditions, landscape characteristics and population dynamics of questing ticks was analysed from site scale (100 m) to local scale (1000 m). The main objectives of this study were to analyse if local environmental factors are associated with tick activity, and specifically if they can indicate co-occurrence of larvae, nymphs and adult females. Further, we wanted to analyse if there are discernible landscape characteristics at a scale of up to one km that are associated with tick activity.
Materials and Methods

Study area
The study includes tick sampling from six different sites south of Stockholm, Sweden: A (Ågesta, 59°13.6' N, 18°5.6' E), B (Ågesta, 59°13.5' N, 18°6.4' E), C (Lida, 59°9.8' N, 17°53.1' E), D (Lida, 59°9.7' N, 17°52.5' E), E (Flemingsberg, 59°13' N, 17°56.3' E) and F (Röda villorna, 59°12.2' N, 17°52.2' E) (Figure 1 ). Areas A, B, C and D represent sampling sites near popular recreation areas, whereas areas E and F represent a forest site and a woodland site near a pasture, respectively. The sampling sites were initially selected based on prior information on TBEV infections at sites C, D and F (personal communication) . Tick population dynamics at sites C, D and F with known TBEV cases were supposed to be compared with A, B and E.
Sampling
Ticks were sampled at all sites using a slightly modified form of the established blanket dragging technique (Melik et al., 2007) , where the head of a dry mop was passed through the stitched end of 75×80 cm cotton flannel blanket. A tubular steel handle was attached to the mop head via a 360° swivel. We named the modified method mop-blanket and used it for all tick sampling reported here.
Sampling was started in June 2012 and continued to the beginning of October 2012 with a 4-5 week gap in between each collection. Sampling was performed between 11:00 am and 6:00 pm but avoided during rainy days. At each sampling site we randomly selected ten 3×3 m plots for tick sampling. The starting point at each sampling site was selected using a hand-held compass and randomly choosing a direction between 0°-360° by blindly rotating the compass house. Then, we randomly selected a distance between 0-36 m using the same blind compass rotation technique and walked the selected distance in the selected direction to find the first plot. Later, we used the first plot as starting point for selecting the second plot, and so on. In each plot the blanket was swept over the vegetation with normal walking speed (approximately 1 m/s), using the mop shaft for steering. Right-left and bottomtop sweeps were performed at each plot and ticks were harvested from both sides of the blanket after each sweep. All larvae, nymphs and adults were counted and stored in 15 mL plastic tubes. At the end of a sampling day all collected ticks were quickly frozen using liquid nitrogen and stored at -80°C for later analysis.
Detection of tick-borne encephalitis virus
Sampled ticks were analysed for the presence of TBEV using two established TaqMan real time polymerase chain reaction (PCR)-based assays (Schwaiger and Cassinotti, 2003; Gaumann et al., 2010) . The established methods target different regions of the TBEV genome, utilise different fluorescent reporters, and differ in sensitivity and specificity. 
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Environmental conditions
At each plot we measured temperature and humidity 5 cm above soil surface, and vegetation height. In addition, we estimated the light conditions at each plot by taking a photograph upwards, with a camera held approximately 50 cm above the plot. All photos were analysed using the GNU image manipulation program GIMP, version 2.8.4 (http://www. gimp.org/) to calculate the proportion of pixels not being covered by tree canopies or other shading items. With this sampling design we were able to analyse temporal changes in tick abundances from June to October for all the three-life stages.
For all study sites we used geographical information systems (GIS) to calculate the proportion of different land cover types in concentric subsequent annuli of 100-m increments, within circles with a total radius of 1000 m. Land cover types were measured using a Swedish property map (Lantmäteriet, 2014) . We calculated the areas of the land cover types: open land, cultivated fields, coniferous forest, deciduous forest and open water. We estimated the total area in each annulus and calculated proportions for different land cover types for concentric circles with increasing radii from 100 to 1000 m with an increment of 100 m for each circle.
Statistical analysis
We first analysed each life cycle stage separately using linear mixed models with log transformed tick abundance as response variable and time, humidity, temperature, vegetation height and light condition as fixed factors, site as random factor and Gaussian error distribution. Cooccurrence of larvae, nymphs and adult females was analysed as presence/absence per plot using a mixed linear model with the same explanatory variables as above, but with binomial error distribution and logit link. For all models we used the lme4 package (Bates et al., 2013) and R 3.1 (R Core Team, 2013) . We started each analysis with a full model including all variables. Using a backward selection procedure with the help of the Akaike information criterion and P values, we selected the most parsimonious and informative models.
Each final model was used as a parent model for testing landscape effects. Once again we used log abundance for all tick lifecycle stages with presence/absence data for co-occurrence as response variables. We tested the main effects from the final models described above and included the proportional coverage of all land cover types with mixed models using the lme4 package. We made one model for each circle size, from 100 to 1000 m radii with increments of 100 m. We started with full models with all land cover types and then used backward selection as described above to find the most informative models. All tests were repeated for all circle sizes.
Results
Tick activity patterns
A total of 897 I. ricinus including 465 larvae, 382 nymphs, 29 males and 22 females were collected using the mop-blanket technique. Depending on site, the mean tick abundance ranged from 0.1 ticks per m 2 at site D to 0.9 ticks per m 2 at site E. Temporal fluctuations in tick activity were observed at each sampling site. For larvae and nymphs, peak questing activity was observed in June, whereas adults were mainly active in July (Figure 2 ). Even though we collected more larvae than nymphs, the mean abundance per month was the highest for nymphs. The reason for this was the clumpy larval distribution with a few plots having extremely high density of larvae and many plots with only a few larvae. Co-occurrence of larvae, nymphs and adult females was the highest in June.
Effect of biotic and abiotic factors
Temperature was found to have a significant negative effect on questing activity of adults (χ 2 =11.191, P<0.001). Larvae and nymphs were not significantly affected by temperature, but there was a significant positive relationship between number of questing nymphs and humidity (χ 2 =4.174, P<0.05) (Figure 3 ). In addition, the height of the vegetation significantly affected the number of questing ticks for all three life cycle stages. A decrease in tick abundance was observed with increasing height. Larvae were more strongly affected by this parameter than nymphs ( Figure 4A) . A statistically significant negative relationship (χ 2 =8.995, P<0.01) was also observed between height of the surrounding vegetation and co-occurrence of larvae, nymphs, and adult females. No significant effect of light conditions was observed, neither for tick abundance nor for co-occurrence.
Effect of the landscape
To assess the landscape effect on local tick population dynamics at different landscape scales, we estimated landscape effects in circles of 100 to 1000 m radii around the sampling sites. The proportion of open land was non-significant in all analyses and was removed from all final models. In general, we found that many individual landscape elements could exhibit negative effects when becoming too common. The effect of landscape characteristics on local tick abundance appeared to diminish at larger distances. The proportions of coniferous and deciduous forests exhibited significant negative effects on both larvae and nymph local abundance up to 700 and 800 m, respectively (Table 1) . There was also a significant negative effect by forest surroundings on co-occurrence of larvae and nymphs or larvae and adult females: up to 700 m for coniferous forest and up to 800 m for deciduous forest. The abundance of adult females was almost indifferent to the proportion of forest ( Table 1 ). For abundance of larvae, the proportion of water in the landscape was non-significant for the whole range of circle sizes. For the abundance of nymphs and female adults as well as the probability of cooccurrence, there existed significant effects of the proportion of open (Table 1 ). All effects, except for co-occurrence in the smallest circle, were negative. All effects of the proportion of open water in the landscape on local tick dynamics were lost at distances larger than 600 m from the sampling sites.
Discussion
To study tick population dynamics in the field without trapping host animals, our mop-blanket technique is unique. The handle helps to drag the blanket at desired levels and the swivel head facilitates the movement in-between small spaces near the vegetation base, allowing adjustment to local conditions to keep representativeness across sites. The area of each sampling plot was only 3×3 m due to the fact that the risk of brushing off and dislodgement of ticks from the blanket increase with dragging distance (Estrada-Pena and De La Fuente, 2014) . We chose to work at forested sites because this type of vegetation circumvents abrupt fluctuations in temperature and humidity, and favours the abundance of I. ricinus (Lindstrom and Jaenson, 2003; Boyard et al., 2011; .
We found that tick activity changed over the growing season and probability of co-occurrence was twice as high at the beginning of summer compared to later in the season, which might facilitate co-feeding transmission of TBPs early during the vegetation season. It is important to notice that we did not sample for ticks in April and May. In southern Sweden tick activity can peak already in April-May (Bennet et al., 2006) . Irrespective of the starting month, the peak tick activity in the area around Stockholm continues, as we can see in our data, till June. Harrison and Bennett (2012) showed the importance of aggregation of ticks on small rodents for the incidence of Borrelia burgdorferi s.l., and TBEV using a R0 model. In our study, the probability of cooccurrence of larvae, nymphs and female ticks was highest in June and in lower vegetation (Figures 2 and 4B) , resulting in enhanced probability of the immature stages to co-occur on rodent hosts. The negative association between questing nymphs and vegetation height has been shown earlier (Gilbert, 2010) . In our study this relationship diminishes when ticks develop into later stages. Larvae were strongly negatively affected by high vegetation (Figure 4A ), while questing activity of adults was unaffected. However, the sample size for adults is very low and conclusions regarding adult behaviour need to be made with caution. A suitable I. ricinus habitat should provide animal hosts for all questing stages and contain ground vegetation that maintains high humidity to support off-host tick survival. There was a tenfold difference in tick abundance among sites. In general, tick abundance was higher at B, F and E compared to A, C and D (data not shown). The observed difference in tick abundance can be related to landscape attributes and host density Medlock et al., 2013) . The large spatial variation in tick abundance is one possible explanation to the observed patchiness of TBEV (Randolph and Dobson, 2012) . We did not find TBEV in any of the sampled ticks but a new TBE case was reported at site E in the fall 2015. Inability of the PCR assay to detect the virus in the questing ticks can be due to very low virus copy number (Suss et al., 2006) or lack of appropriate temperature required for riboswitch (Elvang et al., 2011) . We could not confirm the suggested TBEV distribution based on confirmed cases of TBE, 
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Conclusions
Our experiment is not fully optimised for analysing the effect of landscape characteristics on tick abundance because we do not have a random distribution of sites. The study was initially designed to search for TBEV at sites with reported TBE cases and compare TBEV distributions with demographical patterns of I. ricinus. Therefore, we tried to match control sites with the cases, but did not manage to find TBEV among any of our sampled ticks. However, our sampling design allows us to compare tick demographical patterns, especially co-occurrence of larvae and nymphs over time, among sites and with landscape patterns as long as we acknowledge that study sites were systematically distributed. Woodland has earlier been reported as a reproducible landscape factor favouring nymph densities in French pastures (Boyard et al., 2011) . A study in Central Bohemia showed that TBE risk had a significant positive relationship with deciduous and mixed woodlands, whereas coniferous forest and water bodies had negative effects (Daniel et al., 1998) . Our results show a clear landscape effect for study sites. The amount of coniferous forest, deciduous forest and open water had significant effects on tick abundance, and on co-occurrence of larvae and nymphs. It is also clear that these landscape effects diminish with increasing distance around the sampling sites. Analogous to Daniel et al. (1998) , our results show that open water and coniferous forest have a negative effect on tick abundance. However, contrary to the earlier study (Daniel et al., 1998) , the relationship between deciduous forest and tick abundance was negative in our study. Allan et al. (2003) also found a significant decrease in the density of nymphs with increasing area of forest fragments. A possible cause for the negative association may be that both larger forest area and more open water can reduce the available habitat for small rodents, which are prime hosts for the immature ticks ). This does not explain the negative effects on adult ticks, but the abundance of adult ticks is indeed a consequence of the abundance of the immature stages. An interesting result from our study is that all landscape effects declined rather quickly, and that the effect was lost at a distance of less than one km. Our findings suggest that one need to be careful not to overestimate results from local studies of tick population dynamics and not to generalise to regional spatial scales. Further studies concerning host biodiversity, randomised sampling and extended sampling periods will help to better understand the complex dynamics of ticks and TBPs. 
